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ABSTRACT 
RELATIONSHIP OF THE FRACTAL AND CHEMICAL CHARACTERISTICS OF 
SELF-ASSEMBLED NATURAL ORGANIC MATTER 
DENNIS K. GIBSON II 
2017 
Natural Organic Matter (NOM) is a heterogeneous mixture formed by the 
degradation of organic substances during early diagenesis in surficial environments. It 
has been shown that the interaction of the components that comprise this mixture has a 
significant impact on its microbial mineralization to CO2. The extent of NOM self-
assembly is emerging as an important factor in understanding its role in the global 
geochemical carbon cycle, and it is beginning to appear that it may be more important 
than the chemical composition of a sample. The overall goal of this research is to 
establish NOM’s self-assembled “architecture” and the factors that control it. NOM was 
extracted from The International Humic Substance Society’s Leonardite, Pahokee peat, 
and Elliot soil bulk reference materials using an alkaline extraction procedure. The 
samples were size-fractionated using density-gradient ultracentrifugation at 20,000 rpm 
(46,377 g) for 90 hours utilizing a sucrose step-gradient.  The gradient “steps” ranged in 
density from 1.06 to 1.27 g/cc. The resulting NOM density fractions were purified via the 
MIBK liquid-liquid partitioning technique. The carbon-type distributions of each whole 
NOM sample and density fraction was characterized by quantitative 13C DPMAS solid-
state NMR and small-angle x-ray scattering (SAXS) at Argonne National Laboratory’s 
Advanced Photon Source.  Using the slope of the Porod region of the scattering curves, 
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the materials were classified as either mass or surface fractals.  It was found that 
Leonardite fractions exhibit a surface fractal mass distribution regardless of particle 
density. Peat and Elliott fractions display mass and surface fractal behavior depending on 
particle density. For these materials the least dense fractions yielded small molecules and 
mass fractals, while the more dense fractions yield surface fractals.  To determine the 
chemical organization of the components in these particles, each fraction was swollen in 
deuterium oxide and analyzed via Comprehensive Multi-Phase NMR (CMP-NMR). 
Leonardite particles did not swell in the solvent.  The Peat and Elliott fractions with mass 
fractal mass distributions (low density materials) swelled in the solvent while surface 
fractal (high density material) did not. This study shows that as the material proceeds 
through the diagentic pathway, assembled particles begin to form.  The architecture of 
these particles can be described as having a structural organization similar to the Yen-
Mullins model, which is defined as an aggregation of large aromatic molecules forming a 
clustered network.  However, our data suggests that in NOM a shell of aliphatic 
hydrocarbons then surrounds the aromatic core. The younger materials (Elliott and Peat) 
contain a matrix of anomeric and aliphatic components, suggesting that all of the 
components of NOM do not contribute to the formation of assembled particles equally. 
1	
1 Introduction 
1.1  Historical Growth of Atmospheric CO2 Concentrations 
Since the emergence of fossil fuel dependence following the Industrial 
Revolution, the atmospheric concentration of CO2 has risen by 40% from 278 ppm (pre-
industrial) to 406 ppm.1,2 Ice core records show that prior to the Industrial Revolution 
CO2 concentrations were stable, taking several centuries to reach 280 ppm from initial 
concentrations around 260 ppm.3 Once anthropogenic CO2 sources were introduced and 
maintained CO2 concentrations have steadily climbed to record concentrations.  From the 
industrial boom, CO2 accumulation approximates to 585 PgC by anthropogenic sources 
which corresponds to approximately 375 PgC by fossil fuel usage and land use change 
yields 180 PgC.4-7 However, recent trends suggest that anthropogenic sources will lead to 
even higher concentrations of CO2.  From 1980 (+5.5 PgC yr-1) to 2011 (+8.3 PgC yr-1) 
there was an increase of +2.5 PgC yr-1 into the atmosphere via fossil fuel dependence.8
These predictions are cause for great concern as higher atmospheric CO2
concentrations are leading to an increase in global temperatures,9-10 aquatic acidification 
and desalinization,11 and are contributing to various extreme weather patterns.12 To try 
and curb increasing atmospheric CO2 concentrations governments have implemented 
emission legislations; however, these will have a significant lag time before any 
contributions are noticed. On a more scientific front, scientists are scrambling to find 
external means to sequester the carbon by fixing it in a more permanent manner.  This 
has led to adding biochar (charcoal derived from plant material) to soils, direct injecting 
of CO2 deep underground, and planting of high CO2 sequestering plants amongst other 
ideas.13-17  While each of these provide a mechanism to slow the increase in CO2
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concentrations, their long-term viability has been questioned.18  Therefore, the natural 
fixation process by which CO2 is stored may provide the largest contribution to reducing 
the ever increasing concentration. 
1.2 Geochemical Fixation of Carbon Dioxide 
 Plants convert atmospheric CO2 into carbohydrates via photosynthesis where it is 
stored for biological function.  As the carbohydrates are utilized by the plants the form a 
verity of chemical compounds such as complex sugars, lipids, etc.  When the plants 
foliage drops or the plant dies, the carbon that was sequestered from the atmosphere 
begins the geological conversion into geologic carbon where it is stored within the 
Earth’s soils.19,20 As this stage progresses the carbon moves from the biosphere into the 
geosphere, which is depicted in Figure 1. 
 
Figure 1. The correlation between the Biosphere and Geosphere where plants fix the 
atmospheric CO2 then transfer it into the geosphere via foliage dropping or via plant 
decomposition. The process takes several millennia therefore successfully creating a long 
term carbon sink.  
	 	 Biosphere Geosphere 
CO2 
Photo-
synthesis 
Coal 
Natural	 
Gas 
Petroleum Kerogen 
Microbial 
Organic	
Matter 
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 The decomposition pathway of the organic matter undergoes several stages 
summarized in Figure 2.21-24  From the input (initial plant decay) the young organic 
matter enters the early diagenetic pathway, which is the physical and chemical changing 
of organic material to form natural organic matter (NOM).  This process utilizes 
microbial degradation to transfer the natural organic matter (NOM) into the geosphere 
and with increasing heat and pressure, transforms it into kerogen or lignite.  Kerogen 
undergoes catagenesis, where it is thermally cracked producing large hydrocarbons 
yielding petroleum.  Lignite undergoes a thermal and pressure decomposition condensing 
macromolecules into large aromatic sheets forming coal, which ultimately end up 
forming graphite sheets.  Natural gas is formed in the late stages of metagenesis where 
the large hydrocarbon molecules are cracked yielding small hydrocarbons or 
nonhydrocarbon gasses in the process.  Upon completion of these processes the CO2, 
which once resided in the atmosphere, has been fixed deep underground and removed 
from the surface portion of the C-cycle for millions of years.  
 
Figure 2. The processes by which plant and microbial organic matter degrade providing 
long-term carbon fixation from the atmosphere.  Starting on the left the input on the 
surface undergoes the early stages of diagenesis, diagenesis, catagenesis, and finally 
metagenesis where it is buried. 
Early	Diagenesis Diagenesis Catagenesis Metagenesis 
Surface Buried 
Microbial	OM 
Plant 
	OM 
Kerogen Petroleum 
Lignite Coal 
Input 
	Peat 
NOM 
NOM 
Natural 
Gas 
Graphite 
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 The key linkage between these pathways is the formation of NOM, where it can 
be stated that this process is a pivotal point in the sequestration of atmospheric CO2.  In 
Figure 1 it can be noted that the Biosphere and Geosphere are linked, and it is at this 
linkage where NOM resides.  At least an order of magnitude C more exists as NOM than 
is contained within the entire biosphere.25-30  Therefore the importance of understanding 
this linkage and the role NOM plays is important to understanding the flux of CO2 from 
the Biosphere to the Geosphere. 
1.3 Concepts of Natural Organic Matter 
 Formed during early diagenesis/diagenesis, NOM is a complex, heterogeneous 
mixture of organic compounds, which is operationally defined by the technique used to 
extract it from its source material.  It has no defined, covalent chemical structure, but is 
formed via weak interactions amongst small molecules such as hydrogen bonding, Van 
der Waal’s forces, and pi-pi bonds.  It is the aggregation of these molecules via those 
weak interactions that yields the material NOM. Consequently; it can be viewed as a self-
assembled soft material.  Studying soft materials requires monitoring a mixture of 
compounds instead of a discrete analyte, and typically the following characteristics are 
analyzed.  What inter- and intra-molecular forces are present in the assembled materials, 
and what drives the formation of those interactions?  What forces provide the means to 
which the materials are assembled?  And finally, when assembled what is the 
morphology of the materials and what is the chemical distribution that makes up that 
assembly.   
 Historically, NOM has been studied with a reductionist mindset, in which NOM is 
chemically or physically altered to determine what the small compounds make up is and 
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to monitor how these compounds interact with their environment.  These studies utilized 
harsh chemical treatments such as strong acids and bases, strongly ionic conditions, 
pyrolysis, etc.31-34   These results laid the framework for understanding the chemical 
makeup of NOM, including that it contains a high degree of aromaticity, various acidic 
and aldehyde groups, aliphatic hydrocarbons, and depending on the age of the material 
some degree of anomeric heterocyclic carbon.  With these concepts, several models 
began to emerge as to what the “structure” of NOM could possibly be, but none could be 
confirmed.  At the time of these studies instrumentation was limited in analyzing 
complex mixtures, however with the advancement is instrumentation bulk analysis of 
mixtures with a holistic view is readily available.   
 Initially, it was believed that NOM was a polymer formed via the covalent 
linkages of small molecules to form large macromolecular structures.35  Beginning in 
1980, NOM began to be viewed as a polyelectrolyte due to its acidic nature and the 
observed high molecular weights.36,-39  In 1994, Wershaw published the first molecular 
aggregation model, in which he described NOM as a membrane-like material formed 
with a hydrophobic interior and a hydrophilic exterior.40-42  This model has been 
defended by multiple studies showing the formation of micelles (or pseudo micelles) at 
high concentrations, pHs, ionic strengths, and temperatures.43-49  However, it has been 
also shown that not all components participate in the formation of these micelles equally.  
There are still questions about the driving forces and final morphology of NOM that need 
to be answered.    Chilom et al. showed that one third of NOM’s components behave 
solely as surfactants and contain strong amphiphilic properties.50-52   
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 Chilom et al. devised a method in which humic acid (HA0) was chemically 
extracted into similar sub-fractions.53  This work utilized humic acid as it accounts for the 
largest portion of the NOM found from the source material. In the first extraction HA1 
accounts for the majority of carbon from HA0 yielding approximately two thirds.  
However it contains primarily aromatic compounds, and shows no surfactant properties.  
The next largest carbon fraction consists of HA2, which in total accounts for one third of 
the carbon.  It consists of aromatic and acidic groups, but contains more alkyl groups than 
HA1.  It also strongly reduces the surface tension of an aqueous solution, thus it is 
described as a strong surfactant.  Lastly, L1 attributes the least amount of carbon, and is 
primarily composed of alkyl groups, though it does contain a very small amount of 
aromatic and acidic carbon structures. From the results of the study the idea of a two 
level hierarchical model building from the base units (HA2 & L1) up to the overall HA0 
complex.  Figure 3 below shows the extraction process utilized to separate HA into its 
components.53 
It was demonstrated that these components assemble in a hierarchical mechanism, 
starting from the bottom components (HA2 & L1 forming L0 which is then capable of 
interacting with HA2), yielding the overall product HA0.  However, the molecular 
interactions that initiate this formation and the morphology of those assembled 
complexes have yet to be determined, and could provide key information for 
understanding the stability of NOM.   
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Figure 3. Systematic disassembly of HA0 and its fractions from soil NOM.  Humic acid 
is extracted from the soil NOM via a 0.5 M hydroxide alkali solution.  Upon separation of 
the inorganic humin, the solution is treated with acid to pH=1 precipitating out the HA0 
from the FA.  The first hierarchal level is achieved by performing a Soxhlet extraction 
with a benzene:methanol azeotrope for 72 hours.  The final level is achieved by 
performing a second alkali (0.1 M hydroxide) extraction. Adapted from Chilom and Rice 
2009.53 
 
 Chilom demonstrated that when mixed, these components interact to form an 
ordered nature.  Understanding how this hierarchal pathway influences the formation of 
NOM may also provide a key understanding to the role of NOM in the environment.   
 Khalaf et al. showed that the extent of NOM’s self-assembly has a significant 
impact on its interaction with hydrophobic organic contaminants as well as its 
susceptibility to be mineralized via microbes releasing CO2.54  Khalaf et al. monitored the 
microbial mineralization of whole NOM samples as well as mixtures of its sub-fractions 
(HA1 + LO & HA1 + HA2 + L1).  It was found that when subjected to the microbial 
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$$$$$HA1$
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LO$
Lipid$Like$
HA2$
Amphiphilic$
L1$
Lipid$Like$
Soxlet'
Extrac,on'
Base'
Soluble'
Acid'
Soluble'
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degradation the whole NOM samples was readily mineralized yielding approximately 
40% CO2.  However, once the nature of the NOM was altered the microbes could not 
mineralize the material as well.  For the sample containing HA1 + LO the microbes 
yielded 30% CO2 and for the samples containing no assembled material (HA1 + HA2 + 
L1) microbial degradation did not occur.  Therefore, it can be concluded that 
understanding how NOW is formed and the interactions of its components is important to 
understanding NOM’s persistence in the environment.  This also lays the framework for 
understanding how NOM serves as an efficient sink of atmospheric CO2. 
1.4 Persistence of NOM in Soils 
 NOM is directly linked to the formation of petroleum and coal. This linkage 
comes from the formation of kerogen and bitumen through the metagensis pathway as 
NOM is buried deeper in the earth’s crust.  Dependent on the conditions, bitumen then 
forms petroleum (hydrocarbons and natural gasses) while kerogen must undergo 
catagenesis to form hydrocarbons as well as more bitumen.  This renders a complex 
mixture of hydrocarbons, natural gases, and bitumen. Two primary components found in 
petroleum are asphaltenes and resins.  Like NOM, both these materials are operationally 
defined, where the extraction procedure defines their presence.55-58  Resins are soluble in 
heptane while asphaltenes are insoluble in heptane.  Asphaltenes are aromatic complexes 
containing a high degree of polar acidic groups, while resins contain primarily non-polar 
aliphatic hydrocarbons with a very small degree of conjugation and acidity.59-62  While 
predominately discussed in the petroleum literature, asphaltenes and resins have also 
been isolated from coal in several studies via traditional methods.63  These studies have 
found that coal contains up to 10% resins and significantly less asphaltenes.64  Also, these 
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compounds differ solely by their molecular size when compared to petroleum asphaltene 
and resins, often found to be 8 to 10 times less.64  The working assumption is that NOM 
can be described as a precursor to these compounds and that by studying the similarities 
between each can yield to a better understanding of NOM’s importance in the 
geochemical cycle.    
Asphaltenes are similar to NOM’s amphiphilic component HA2, in which they 
contain large aromatic sheets and are surface active, while resins are similar to NOM’s 
lipid component L1.  These components interact forming bitumen via the self-assembly 
similar to the role of L1 and HA2 in NOM.64-65  Therefore it can be suggested that 
bitumen and L0 from the scheme devised by Chilom are analogous to each other.   
 
Figure 4 compares NOM fractions to bitumen fractions.  Studies have shown that the 
interactions of asphaltenes and resins occur via the interaction of weak hydrogen and van 
der Waals forces.  These interactions yield a micelle-like structure that flocculates at high 
concentrations.  Two proposed models for molecular interactions were introduced by 
HAO$
$$$$$HA1$
Non)ampiphilic$
LO$
Lipid$Like$
HA2$
Amphiphilic$
L1$
Lipid$Like$
Soxlet'
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Soluble'
Acid'
Soluble'
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Figure	4.	Graphical	representation	of	extraction	of	both	NOM	and	asphaltenes	and	resins.	Due	to	
their	structural	similarities,	the	bottom	hierarchal	levels	can	be	used	to	model	each	other.	
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Pfeiffer and Saal, and are shown schematically in Figure 5.66  In Figure 5a, the asphaltene 
is free in the solution of petroleum, however due to the difference in structural 
components, it is unstable.  The role of the resin is to envelope it, thus stabilizing it from 
the surrounding solution.  The second model (Figure 5b), results from the high degree of 
aromatic sheets, which causes the asphaltenes to aggregate to form crystallites. Similar to 
model 6a they are unstable in the petroleum solvent.  The resin then integrates into voids 
that are formed when the crystallites are formed.  This stabilizes the complexes into fine 
particles, which then flocculate out of solution.67 
 
Figure 5. The view of molecular interactions of asphaltenes and resins, which are 
structurally similar to HA2 and L1.  In view A the HA2 (black hexagon) is completely 
dispersed in solution, and there is little to no interactions between themselves.  They are 
solubilized by the interacting with the L1 component (white hexagon with black dot).  In 
view B, the HA2 complexes have aggregated together associating with each other to form 
a nano-aggregate.  This complex is stabilized by interacting with the L1 forming a micelle 
in solution. This view has been adapted by Pfeiffer and Saal, 1940.66 
 
 Another model which is now widely accepted to describe asphaltene and resin 
aggregation was proposed by Yen in 1967 and later modified to form what is now known 
as the Yen-Mullins model which is depicted in Figure 6.68  In this model, the highly 
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aromatic asphaltene molecules aggregate via pi-pi interactions forming nanoaggregates.   
Due to the large aromatic sheets however, it has been hypothesized that these aggregates 
are very porous, which in turn may limit their stability.  Once these nanoaggregates have 
formed, the aliphatic resins fill the pores producing stabilized clusters.  These clusters are 
then able to aggregate and flocculate, forming large networks.  
 
 
Figure 6. The aggregation of asphaltenes and resins as depicted by the Yen-Mullins 
model.  In this model aromatic asphaltenes stack via weak interactions forming 
nanoaggregates.  These aggregates are then stabilized via resins forming clusters of self-
assembled materials.  Adapted from Yen-Mullins.68 
 
Due to the similarities of asphaltenes and resins to NOM’s components, these models will 
be used to determine if NOM forms similar assemblies. 
1.5 Hypotheses 
 The goal of this study is to expand our understanding of the architecture and 
morphology of NOM in its natural state.  The hypothesis guiding this work is that: 
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¤ All components of NOM contribute to the formation of self-assembled particles. 
 
 This study also seeks to determine if NOM in its natural state is a material that is 
completely assembled or if only a small portion of the material is assembled with the 
remainder existing as a heterogeneous matrix of unassembled components.  The second 
hypothesis tested in this work is: 
 
¤ NOM components self-assemble to form a particle with an “architecture” similar 
to the Yen-Mullins model. 
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Chapter 2: Methods 
2.1 General Experimental Approach 
 To accomplish this study, non-traditional analytical methods had to be developed 
and utilized.  The techniques presented in this work were designed to be non-destructive 
and appropriate for holistically characterizing a heterogeneous bulk material.  Figure 7 
briefly shows the pathway chosen to undertake this study to answer the questions 
presented above. Several source materials of NOM were  
analyzed throughout this study.   
 Once they were selected, NOM was extracted from the source material utilizing a 
traditional alkaline extraction method.  To separate particles from unassembled materials, 
an analytical ultracentrifugation method was developed.  To interrogate the materials for 
assembled nature, their fractal dimensions were determined utilizing a variety of x-ray 
scattering techniques.  And lastly, to determine the chemical architecture of the assemble 
components an advanced NMR technique allowed for the probing of the exterior and 
interior of the particles via a traditional solvent.  Combining all the data allows for a 
NOM	
Extraction 
	 
Particle 
Fractionation 
(Ultracentrifugation) 
Fractal	
Analysis 
(SAXS) 
Chemical 
Charasterics 
(CMP-NMR) 
Assembly	
Model 
	 
Choice	of	
Sample 
	 
	
Figure	7.		Experimental	design	to	determine	the	architecture	of	NOM	in	its	natural	state.	The	
combination	of	this	data	is	utilized	to	determine	a	model	for	the	assembled	material.	
	
	 	 14	
	
	
through determination of NOM in its natural state without adversely affecting its nature 
via harsh methods. 
2.2 Choice of Source Materials and NOM Extraction 
 NOM source materials were purchased from the International Humic Substances 
Society (IHSS).  The three source materials utilized in this study were IHSS Elliott silt 
loam (Lot BS102M), IHSS Pahokee Peat (Lot 2BS103P), and IHSS Gascoyne Leonardite 
(Lot BS104L).  These materials were selected because they have different chemical 
characteristics and different diagenetic histories.  Each of these materials is described 
below along with their relevance to this study. 
The oldest of the materials is Leonardite, which is described as a soft brown 
material that is primarily located in the vicinity of lignite deposits. This material has 
undergone severe degradation via microbes, heat, and pressure through the stages of 
diagenesis and early catagenesis.  This leads to a chemical make-up similar to that of 
coal, containing large amounts of aromatic and aliphatic carbon, but lacking the presence 
of anomeric (i.e., carbohydrate) carbon.  Due to the lack of the anomeric carbon, this 
provides a relatively simple material that allows for the investigation of the interactions 
occurring solely between the aromatic and aliphatic carbon components. This material 
will allow for the understanding of the architecture of assembly that has been described at 
the end of the geochemical cycle and is similar to the Yen-Mullin’s model.  Lastly, due to 
the anomeric carbon this material will allow for the analysis of any anomeric 
contaminates that could be introduced during the ultracentrifugation techniques. 
The Pahokee Peat is derived from an acidic marsh/bog environment and is 
comprised primarily of degraded plant material.  This material is in the early stages of 
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diagenesis and is comprised of four distinct carbon-type distributions.  Similar to 
Leonardite, Peat contains carboxyl/carbonyl, aromatic, and aliphatic carbon; however, it 
also contains a significant portion of anomeric carbon.  By introducing this material, an 
understanding of the role of the anomeric carbon can be determined.  It can also provide 
insight as to how the degradation of the anomeric carbon impacts the formation of NOM 
as it progresses through the geochemical cycle. 
The last of the sample types, the Elliott silt loam soil, is a traditional agricultural 
soil that is in the earliest stages of diagenesis.   It has a carbon distribution similar to that 
of the Pahokee Peat and will also yield insight to the role of anomeric carbon and its role 
in the formation of assembled NOM particles.   This material allows for the analysis of 
soils found in most surficial environments. 
2.3 Extraction of NOM 
To extract NOM a traditional alkaline procedure was followed.  250 grams of 
each source material was placed into 750 milliliters of 1 M NaOH and was stirred 
overnight.  The resulting solution contains soluble NOM along with insoluble inorganic 
materials.  To separate these materials the solution was divided into 100 mL Nalgene 
bottles and centrifuged for 30 minutes at 5000 rpm.  Upon completion of centrifugation, 
the soluble NOM solution was decanted and the remaining insoluble material was washed 
with another aliquot of 1 M NaOH.  This process was continued for a total of five 
aliquots per Nalgene bottle.   
Once the insoluble material was washed with the alkaline solution, the resulting 
NOM solution was acidified to pH 1.0 with concentrated HCl.  At this pH the NOM 
begins to aggregate and flocculates from solution.  The acidified NOM solution is then 
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place into the Nalgene bottles and centrifuged as mentioned previously.  The precipitated 
NOM is washed five times with a pH 1 HCl solution.  The resulting NOM solid is dried 
in a bead bath set at 65 °C, and when dry the samples are ground to homogenous size 
with a traditional pestle and mortar. 
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Chapter 3: The Search for Self-Assembled Particles in NOM via Ultracentrifugation 
and SAXS 
3.1 NOM Particle Fractionation and Purification 
 There have been numerous methods that researchers have used to fractionate 
NOM including: chemical treatment, ultra-filtration, chromatographic techniques, etc.69-72  
However, each of the methods have a degree of harshness to them which ultimately will 
reduce the material via breaking the weak interactions that lead to the formation of the 
aggregates.  As stated previously, the goal of this study is to determine the architecture of 
these particles based on the hypothesis that as self-assembled soft materials it is weak 
interactions that lead to their formation.  To assess this a method was developed based a 
common technique for separating soft matter without disrupting its chemical nature, 
density-gradient ultracentrifugation. While there have been previous publications that 
have monitored the size of NOM via ultracentrifugation, they to utilized harsh means to 
do.  Most publications introduced large quantities of charged species such as Na+, Cs+, 
Ca2+, and Sr2+ as well as extremes in pH.73-76  These changes are known to significantly 
impact the natural state of the NOM, and limit the understanding of the particles in their 
natural state.  The technique devised for this study utilizes sucrose “step” gradients in a 
slightly alkaline aqueous solution. 
 When preparing gradients for density-gradient ultracentrifugation, there are two 
common techniques.  The first is a continuous gradient where a solution of high density is 
prepared in an external container that is under constant mixing.  As the high-density 
solution is slowly transferred from the container into the centrifuge tube, the same 
amount of water replaces it in the container slightly lowering the density.  This is 
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repeated until the centrifuge tube filled with a gradient that has a constant change in 
density.  The major drawback of this method is that it only allows for small ranges in 
density over the length of the centrifuge tube and because pH is a major variable in this 
study it would be difficult to maintain a constant pH throughout the gradient preparation 
process. Step gradients are prepared by making external solutions of known density, and 
the centrifuge tube is prepared by layering the solutions within the tube.  Figure 8 below 
shows a general scheme of creating a step gradient for purification via ultracentrifugation 
as well as the distribution of NOM during a sample trial for this study.  In this graphic, 
the gradient is prepared for separation and the sample is placed on top of the gradient.  
Upon completion of centrifugation the least dense materials are found near the top of the 
tube while the most dense materials are found near the bottom of the tube. This gradient 
allows for a wide range of densities to be prepared while also allowing for the monitoring 
of the pH at each density level.  For this reason the step gradient was utilized for this 
study.  
  
  
 
 Figure 8. General scheme for ultracentrifugation purification via a step gradient.  After 
 preparing the gradient the sample is placed on the top of the centrifuge tube.  The tube is 
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 then capped and centrifuged via set parameters.  Upon completion the material reaches 
 equilibrium via its density and settles between two layers where it can be removed. 
  
 The gradients were prepared by adding the appropriate concentration of molecular 
biology grade (99.9% pure) sucrose to ultra-pure water (17 Ohm’s (Ω) resistance).  The 
concentrations varied from 10% w/v to supersaturated yielding a density range from 1.06 
to 1.27 g/cc.  Upon dissolution of the sucrose the pH was adjusted to pH=9 by making 
slight adjustments with dilute NaOH and/or HCl.  Once pH=9 was reached, the gradients 
were placed in a refrigerator for storage overnight.  The following day, the solutions were 
brought to room temperature and if necessary the pH was adjusted again to pH=9.  This 
procedure was followed for two more days, ensuring pH stability.  On the day when 
ultracentrifugation was to take place the gradient solutions were brought to room 
temperature and the step gradient was prepared in a 100 mL Beckman Polyallomer 
Quick-Seal centrifuge tube (No. 345776).  13.5 mL of each gradient solution was added 
to the centrifuge tube creating five distinct density layers, and these layers are referred to 
as D1 thru D5. The density of step is as follows: D1=1.09, D2=1.15, D3=1.19, D4=1.23, 
D5=1.25 g/cc respectively. The gradient was equilibrated for two hours at room 
temperature before addition of the sample and sealing the tube. 
 To prepare the NOM samples for ultracentrifugation a similar procedure to the 
gradient solutions was followed.  Approximately 4.00 mg of each NOM material was 
dissolved in 1 mL of slightly alkaline ultra-pure water.  Following sonication for one 
hour, initial pH adjustments were made utilizing dilute NaOH and/or HCl.  The aqueous 
NOM samples were then stored overnight with the gradient solutions.  The following day 
the NOM solutions were allowed to return to room temperature and if necessary, the pH 
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was again adjusted to pH=9 and the samples sonicated for another hour before returning 
to storage.  This was repeated until the pH remained stable at pH=9.  Before addition to 
the centrifuge tube, each solution was passed through a 0.2 µm filter to ensure no 
aggregated solid was introduced to the tube. The centrifuge tubes were press sealed. Five 
replicates of each ach NOM sample were prepared. 
 Ultracentrifugation was carried out utilizing a Beckman XL-90 ultracentrifuge 
coupled with a type 45 Ti fixed angle rotor.  The optimum spinning parameter was found 
to be 20,000 rpm (~46,000 g) with a total centrifuge time of 90 hours.  Initial experiments 
were performed to monitor the sedimentation of the NOM over 5 hour increments, and it 
was found that after 90 hours no observable difference in sedimentation occurred.  For 
each sample 20 mL aliquots of the material in each density layer were sampled from each 
of the 6 tubes for that sample and combined.  To remove the sucrose introduced from the 
step gradients a modified methyl iso-butyl ketone (MIBK) technique was used to extract 
NOM was utilized.77  The aqueous NOM solution containing sucrose was placed into a 
separatory funnel and 50 mL of MIBK was added.  When the aqueous solution is alkaline 
the NOM has an affinity for that solution, however when the pH is adjusted to pH=1 and 
the funnel is vigorously mixed, a significant emulsion is formed and the NOM affinity 
changes.  Figure 9 shows the formation of the emulsion after the addition of HCl into the 
funnel.    
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 The resulting emulsion is 
allowed to equilibrate overnight, and 
the following day the aqueous material 
is drained off and collected in a 
separate flask.  The MIBK emulsion is 
then washed 10 times with pH=1 water 
and the aqueous solution collected and 
combined with previous washings.  
After washing the MIBK was collected 
and placed aside.  The washings were 
returned to the flask and extracted 
again.  A total of three repetitions were 
performed to ensure the removal of 
sucrose from the NOM.  The NOM density fractions were dried in a bead bath set at 65 
°C, and once dry, the material was ground with a quartz pestle and mortar. 
 
 
 
 
 
 
 
 
Figure	9.	MIBK	extraction	of	NOM	after	the	addition	
of	HCl	resulting	in	a	pH	of	1.		An	emulsion	has	formed	
allowing	for	the	separation	of	the	NOM	from	the	
aqueous	phase	which	can	be	removed	after	settling	
overnight.	
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3.2 Ultracentrifugation Results and Discussion 
 Figure 10 shows the 
distribution of NOM in the 5 
density layers.  It was 
determined that for sample 
types, there is a predominant 
distribution in the least dense 
layers.  However, it should 
be noted that the oldest 
sample type (Leonardite) 
contains the most least dense 
material, while the youngest 
materials in the early stages of diagenesis contain significantly more dense materials, and 
the Elliott contains the most material in the d5 fraction. Khalaf determined that the 
material which was assembled was degraded via microbes while the unassembled 
material was not affected via microbes.  This means that in the Leonardite assemble 
material would have long been degraded as it passed through diagenesis while the Elliott 
has only begun the diagenetic process.  As previously mentioned, fraction d5 should 
contain the assembled particles as they are larger than the bulk material and have a larger 
density.  These results are consistent with observations of Khalaf.  Lastly, it also suggests 
that NOM is predominantly found to be a matrix mixture of unassembled materials 
(~64% in Elliott) with some assembled particles (~36% in Elliott).   
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	Figure	10.	Percent	distribution	by	mass	of	each	source	material	
in	their	respective	density	layer	upon	centrifugation.		Layer	d1	is	
the	least	dense	fraction	and	is	the	most	abundant	in	each	sample	
while	layer	d5	is	the	most	dense	and	increases	as	the	materials	
age	decreases.	
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3.3 SAXS Characterization of Density Fractions 
 There are several common techniques for characterizing the mass distribution of a 
soft matter material, however the overriding to determining what technique to use is the 
size of the material’s molecules or particles.  Figure 11 shows the most common 
techniques as a function of the size-ranges for which they appropriate.  For particles in 
the size range of 1 µm to 1 
mm an optical microscope is 
the ideal technique.  However, 
when the particle size begins 
to diminish into smaller bodies 
there are several techniques 
that can be utilized including 
electron microscopy, neutron 
and x-ray scattering, and when 
approaching single angstrom level x-ray diffraction can provide structural information.  
  Small-angle x-ray scattering was performed at Argonne National Laboratories 
Advanced Photon Source (APS) and used to provide insight into the interactions of 
particle components.78-81  There are several types of x-ray scattering techniques including 
ultra-small angle x-ray scattering (USAXS), small angle x-ray scattering (SAXS), and 
wide-angle x-ray scattering (WAXS) that provide a means to study a wide range of 
particle size.  Combining these techniques allows for the measurement of a size range of 
1 angstrom to 10 µm.   
Figure	11.	Common	techniques	for	analysis	of		particles	as	a	
function	of	their	size.		When	the	particles	are	relatively	large	(>10	
μm)	traditional	optical	microscopy	can	be	used.		If	the	particle	
size	is	any	less	scattering	or	diffraction	techniques	are	used	to	
provide	details	about	the	particles.	
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 SAXS was utilized because it is non-destructive to the material being studied and 
because self-assembled mixtures contain no “structure.”  Combined with fractal 
geometry, these techniques allow for the determination of the “organization” of the 
components within a material, even a complex mixture, much the way that 
crystallography allows structure of an ordered material. What is particularly appropriate 
for NOM is that fractal geometry allows characterization of materials which do not fall 
into traditional understandings of “structure” but instead  determines the distribution of 
mass of the material within, or on, the particles.  These mass distributions are quantified 
using fractals, which are self-similar, scale invariant geometric figures.  The two types of 
fractals are relevant here are mass and surface fractals.  Mass fractals are formed by the 
clustering of molecules together forming dendritic networks.  Surface fractals have an 
entire space-filling interior where the scattering is attributed only to the surface of the 
particle.  The surface of the fractal may be either irregular or smooth.   
 Figure 12 shows a comparison of mass and surface fractals.  Generally mass 
fractals are modeled as trees where the limbs are the dendritic networks formed by the 
clustering of smaller networks.  From a distance the network looks space filling, however 
upon closer inspection it is determined to be irregular and not space filling.  
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  Surface fractals have been modeled similar to tennis balls, if the balls were to 
contain a space-filling interior.  Lastly, at the interface between the mass and surface 
fractals the core may be partially penetrable, this region has been modeled as a porous 
sponge.  From a distance it looks as if the pores might go throughout the entire particle, 
but upon further investigation it is determined that the pores only go into the surface of 
the particle and not completely through it.   When in the presence of a solvent, mass 
fractals are completely penetrable as they have no core interior.  Surface fractals have a 
solid core, therefore they are completely impenetrable, but may contain some material on 
the surface that will interact with the solvent.  The material that resides between mass and 
surface fractals is defined as partially penetrable as it contains some core material but 
also contains some porous mass like material.    
Mass	Fractal In-Between Surface	Fractal 
Figure	12.	General	representation	of	mass	and	surface	fractals.		A	mass	fractal	has	a	distribution	
similar	to	that	of	a	tree	while	a	surface	fractal	has	a	distribution	similar	to	that	of	a	tennis	ball	if	
the	ball	was	solid	throughout.		If	there	is	any	overlap	the	particles	are	modeled	as	a	sponge	
where	the	pores	do	not	pass	throughout	the	particle.		In	the	presence	of	a	solvent,	mass	fractals	
are	completely	penetrable,	surface	fractals	are	completely	impenetrable,	and	the	in-between	
particles	are	partially	penetrable.	Figure	prepared	by	Dr.	James	A.	Rice.	
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 Figure 13 shows the general instrumental design utilized to perform scattering 
analysis.  The sample is loaded into the instrument holder, and then the holder is placed 
into the beam line from the x-ray source.  Once the beam interacts with the sample two 
possible outcomes can occur.  First, if no scattering occurs from the sample the beam will 
interact with a blockade to prevent over-saturation of the detector. However, if scattering 
occurs a vector will be produced with an angle proportional to 2Θ where it is cast onto 
the detector in 360°.  Utilizing the software the raw data is then plotted of Intensity (I) 
versus the scattering vector (Q).  
 
Figure 13. General instrumentation scheme for SAXS analysis.  Starting from the left, 
the beam exits the source and interacts with the sample.  If scattering occurs the  
beam hits a stop gate before the detector, and if scattering does occur the 
beam will interact with the detector providing a signal of intensity (I) versus the  
scattering vector (Q). 
 
 To determine the mass distributions of the particles in the system the scattering 
curve was modeled in the software Igor Pro utilizing the Irena software package.  There 
are three distinct regions that may potentially exist on a scattering curve which are shown 
in Figure 13.77  For large Q ranges (Q>0.1) are referred to as the Porod region where 
fractal analysis can occur and which were used for this study.  At intermediate Q 
(0.01<Q>0.1) the region is referred to as the Debye region where size and shapes can be 
measured.  And for small Q (Q<0.01) the region is known as the Guiner region which is 
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where particle size can be obtained.  All regions were collected for this study, however 
due to the low scattering signal intensity (a known issue with NOM samples) only the 
Porod region could be utilized with confidence. 
 Osterberg has published several studies monitoring the use of small angle x-ray 
and neutron scattering on bulk humic acids under various experimental parameters.82-84  
Initial results characterized that humic acid contained a fractal structure. In later analysis, 
it was determined that the fractal dimension of humic acid aggregates (induced by 
varying pH and ionic strength) has a fractal dimension of 2.3, which is defined as a mass 
fractal.  Even by altering the aggregation by increasing the pH and reducing the ionic 
strength, it was determined that the fractal structure of humic acid remained unchanged.  
This work also provided was able to provide a size distribution of humic acid ranging 
from 700 to 1720 angstroms.  Headen monitored the scattering of asphaltenes and resins 
and determined that the fractal dimension was greater than three, signifying that the 
material was a space filling surface fractal.85  Similar to these studies, SAXS analysis will 
be carried out to determine how the fractal dimensions change upon centrifugation.  
 To obtain the scattering data for each sample, each source NOM material and its 
ultracentrifugation density fractions were dissolved in pure water at the concentrations in 
which they were found in the density gradients after centrifugation (g/ml).  The solution 
pH was then adjusted to nine, and the samples were allowed to equilibrate in the 
refrigerator overnight.   Each day the pH was adjusted to nine until no more changes were 
observed, and the samples where sent for analysis at APS beam line number 9ID.  The 
samples were then analyzed via SAXS and WAXS (two separate detectors) and the data 
sets were combined to generate a single scattering curve.  The curves were then modeled 
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via the Irena package and the Porod slope (P) was determined by measuring the slope of 
the curve over the defined region.   
 Utilizing the resulting P value, each sample was determined to be a mass or 
surface fractal.  Low P values (2<P>2.9) are indicative of mass fractals, P values between 
2.9 and 3 were characterized as partially penetrable fractals, and P values greater than 3 
indicate that the material is a surface fractal.  Due to their ability to be penetrated by the 
solvent, mass fractals are most likely diffuse materials forming a network.  However, due 
to the core interior any surface fractals present may be described as assembled particles. 
3.4 SAXS Results and Discussion 
 Figure 14 shows a scattering curve overlay of Leonardite NOM (LHA0) and all its 
density fractions.  It should be noted that LHA0 has a higher scattering intensity over the 
entire Q range due to its higher concentration.  Near the limit of the scattering instrument 
(High Q) the scattering profile of all curves begin to be affective by excessive noise 
resulting from backscatter from the beam stop. The only curve to display any Guiner-like 
curvature is sample LD1.  For these reasons the Porod slope was measured at a Q range 
of 0.001<Q>0.1.  This region provides the best signal and does not display large amounts 
of deviation.  Overlays for Peat and Elliot materials can be found in Appendix A. 
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Figure 14. Overlay of scatting curves for all Leonardite samples.  The original 
NOM sample (LHA0) has the highest scattering intensity while the density fractions  
have lower intensities due to their lower concentrations. 
 
 
 Figure 15 shows the modeled fit for Leonardite bulk NOM.  The center box 
displays the results for the Q range mentioned above, and the P-value listed is the Porod 
slope over that range.  The value for this sample is 3.24, which corresponds that the 
overall NOM material from Leonardite is a surface fractal.  Due to the numerous samples 
that were modeled the rest of the scattering curves are shown in Appendix A, however 
Table 1 summarizes the Porod exponent for each source material NOM as well as their 
ultracentrifuge layers.   
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Figure 15. Modeled fit for Leonardite bulk NOM.  The center box displays  
the results for the selected q-range where the P value provides  
the information alluding to the sample being a mass or a surface fractal. 
 
Table 1. Determined Porod slopes for each sample analyzed via SAXS at APS. 
NOM materials are the original samples before centrifugation while each density  
layer for the sample is listed below.  D1 is the least dense material while d5 is the  
most dense material. Mass fractals are in a green boxes, surface fractals appear in orange 
boxes. 
 
Porod Slope 
 
Leonardite Peat Elliott 
NOM 3.2 2.5 2.5 
d1 (Small) 3.4 2.0 1.4 
d2 4.0 2.9 2.1 
d3 3.0 3.3 2.3 
d4 3.0 3.3 3.4 
d5 (Large) 3.9 3.0 3.5 
 
 Leonardite (which is the most degraded and contains little anomeric carbon) bulk 
NOM and its density fractions are surface fractals.  There are no mass fractals found 
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distributed throughout the system indicating that the fractal distribution each layer is the 
same as the bulk material.  The Pahokee Peat, bulk NOM is a mass fractal.  After 
centrifugation the low-density fractions (d1 and d2) are also mass fractals and layer d1 
contains a Porod slope of 2.0, which is indicative of small molecules.  The more dense 
materials are surface fractals.  This suggests that the NOM material made be made up of 
mass and surface fractals interacting to form a material with an overall mass fractal 
component architecture.   
 Similar to the Pahokee Peat, the Elliott HA0 is a mass fractal and its density 
fractions are a mixture of mass and surface fractals. However, layers d1 through d3 
display Porod slopes showing that these layers contain dendritic networks, similar to 
what was found in peat.  As this is the youngest source material it may contain large 
amounts of lipids and small sugars that have yet to be degraded.  Layers d4 and d5 also 
display slopes greater than 3 showing that surface fractals are present.   
 Returning to the centrifugation results, as the NOM material increased in age the 
density distribution of a sample shifted from denser to less dense.  That is Elliott 
contained the highest percentage of material in layers d4 and d5 combined, peat 
contained the next largest amount in d5, and Leonardite contained the least.  This may 
suggest that the assembled NOM may lie in the densest layers as surface fractals and is 
present in larger abundance in the younger material.   
 As mentioned previously, the densest layers were thought to contain the 
assembled particles while the least dense would contain the unassembled matrix.  This 
data demonstrates that ultracentrifugation is able to separate NOM into fractions based on 
differences in density.  This also corresponds to data collected by previous researches 
	 	 32	
	
	
utilizing ultracentrifugation to determine molecular size.  By increasing ionic strength or 
decreasing pH, it was found that NOM precipitates with high mass fractions initially and 
continued until dissolved organic matter would no longer flocculate and precipitate from 
solution.  Therefore, the first hypothesis of this study may partially be incorrect.  The 
SAXS analysis of each ultracentrifugation layer seems to suggest that interactions are not 
similar throughout each fraction but will need confirmation by monitoring the molecular 
interactions amongst the components.  
 Comparing these results to literature, the Peat and Elliott bulk materials contain 
fractal dimensions similar to what was found by Osterberg.  The materials utilized in the 
previous studies were not identified as being a sample analyzed in this study, however the 
literature cites them as being a material similar to Elliott.  This study found that the bulk 
material had a fractal dimension of 2.5, where Osterberg determined the fractal 
dimension to be 2.3.82  By inducing separation of the materials via ultracentrifugation, it 
is now evident that the bulk material does not conform to this analysis, but rather is a 
distribution of mass and surface fractals with varying dimensions.  The Leonardite is 
similar to the results presented by Headen, where the dimensions of asphaltenes and 
resins remains at 3.0 and the results found here are 3.2.85  This may suggest that as the 
material ages through diagenesis the degradation of mass fractals begins to form more 
surface fractals.  By separating the materials via ultracentrifugation it is shown that the 
bulk characteristics of the material remains unchanged and is a distribution of surface 
fractals. 
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Chapter 4: Determination of Molecular Interactions Within NOM Mixtures and 
NOM Particles  
4.1 Holistic Mixture Characterization by Advanced NMR Techniques 
 NMR is a powerful technique that allows for the determination of nuclei type, 
distribution, distances, and interactions.  Traditionally, solid-state NMR techniques are 
used to study heterogeneous mixtures for elemental type distribution such as carbon 
fingerprinting.86-91  These techniques require long relaxation decays and when coupled 
with a large number of scans it can take weeks to obtain a spectrum.  When a spectrum is 
acquired the peaks are broad due to chemical shift anisotropy, not allowing for in-depth 
analysis, which can be performed with solution state.   
 High Resolution Magic Angle Spinning (HR-MAS) was developed to reduce the 
effects of line broadening by subjecting the solid sample to a solvent.92-99  This allows for 
a holistic view of the material in its natural state, and is impactful for monitoring 
contaminants that have associated to organic matter, monitoring the organic matter at the 
solid aqueous interface, numerous complex biological systems, and the self-organization 
of resins in the gel phase. When the solid material interacts with the solvent is partially 
swells (not dissolves) reducing the effect of the chemical shift anisotropy providing better 
resolution and sharper peaks for analysis.  This requires pulse optimization and rigorous 
diffusion editing, and dependent on the solvent suppression.  Coupled with numerous 2-D 
NMR pulse sequences, HR-MAS can provide insight that traditional solid-state 
techniques cannot.   
 Simpson et al. utilized this technique to study the organization of a whole soil, 
and found that at the exterior fatty acids, esters, and ethers were present at the 
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solid/aqueous interface.92-94  Very few aromatic protons were present, indicating that they 
were shielded from interacting with the solvent.   When DMSO was utilized as the 
solvent (DMSO is known to break weak interactions such as hydrogen bonds) the 
aromatic protons were observed. This indicates that in the whole soil the particles form 
an aromatic core with an aliphatic shell similar to that of Yen-Mullins model.  However, 
one major drawback is that HR-MAS required the monitoring of each sample phase to be 
performed via different probes under different parameters, which may affect the natural 
state.  
 In 2012, Courtier-Murias et al. developed a new NMR technique, which allows 
for the selectivity of several phases of a swollen particle with one NMR probe limiting 
the possibility of damaging the state of the sample.100  This technique was deemed 
comprehensive multiphase NMR (CMP-NMR) and allows for the monitoring of solution, 
gel, and solid when a sample is swollen in the appropriate solvent.  Utilizing several 
pulse sequences each the three distinct phases are measured giving an almost 3-
dimensional understanding of the particle.  The sample is swollen in 80 µL of solvent 
(D2O, DMSO-d6, MeOD), allowed to equilibrate, and the analysis is completed with a 
4mm CMP-MAS probe.  For the purpose of this study D2O will be the solvent as it will 
probe the solution phase and will not damage any internal organization by breakings the 
interactions like the other two solvents would. 
 Upon completion of analysis three pulse sequences provide spectra for the distinct 
phases.  For the solution phase (rapidly diffuse molecules in the solution) the pulse 
sequence is a traditional Inverse 1H Diffusion Editing.   Diffusion editing monitors 
contains long delays and several gradients to measure a signal, therefore by monitoring 
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the inverse short delays are observed.  The molecules found in this phase will have a 
relaxation decay near the microsecond time period and contain sharp peaks.  Figure 16 
shows the region where each analysis occurs about a particle in solution.  For the diffuse 
phase in solution the area of analysis occurs within the green circle where long chains 
and small molecules exist at the 
interface of the particle and solution.  
The yellow circle is known as the 
“gel” components, which become 
partially swollen in the solvent, and 
analysis occurs with 1H Diffusion 
Editing (DE) mentioned above.  If 
the pulse delay is to short to be 
measured via DE they can be 
captured via a RADE experiment, 
however for this analysis no signals 
were found during the analysis.  
Lastly, the interior of the particle remains unchanged and has no interaction with the 
solvent, which is seen as the red interior of the particle.  To monitor the distribution of 
material there, a traditional Cross Polarization Magic Angle Spinning (CP-MAS) 13C 
NMR experiment is performed.  Changing from H-NMR to C-NMR serves two 
functions; first the CP-MAS has a faster analysis time than traditional 13C experiments. 
Secondly, aromatic protons have been found in the core (large sheets with few protons) 
and due to the lack of protons present all signals will be minimum.  Monitoring carbon 
Figure	16.	The	various	regions	of	analysis	of	a	particle	
via	CMP-NMR	where	the	green	is	mobile	components	
completely	swollen	by	the	solvent,	the	yellow	is	the	“gel”	
material	at	the	solvent/particle	interface,	and	the	red	
interior	has	no	interaction	with	the	solvent.	
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allows for the analysis of any other carbon species, which may be present.  Carbons that 
have interaction with the solvent will not be seen, as CP-MAS requires the H-dipolar 
coupling to provide a signal with this pulse sequence, and under the influence of a solvent 
no coupling is provided. 
 Masoom et al. published the first application of this technique in 2016 monitoring 
the distribution of soil organic matter in a natural state.101  Utilizing the same parameters 
as this study it was found that polar lipid heads and carbohydrates are predominantly at 
the soil-water interface while aromatic and aliphatic carbon as well as microbes are 
present in the hydrophobic interior.  In the presence of D20 at high and low pH extremes 
the hydrophobic environment of the soil could not be penetrated suggesting that the 
interior may be assembled as previously mentioned with a matrix of unassembled 
components residing at the interface.  These conclusions are similar to what has been 
provided by previous HR-MAS experiments and could provide key understanding to the 
model of assembly of NOM. 
4.2 Results and Discussion of CMP-NMR Experiments 
 Figure 17 shows the overlay of the diffuse components for the NOM of the three 
source materials utilizing the inverse 1H DE pulse sequence with a delay of ~4.5 µsec 
(the delays were measured for each sample) and the same number of scans.  For the 
following figures the blue, red, and green spectra corresponds to Leonardite, peat, and 
Elliott respectively.  Leonardite has limited interaction with the solvent as there are only 
two distinct peaks in this spectra occurring at 1.98 ppm and 8.19 ppm.  The signal 
occurring at 1.98 ppm is the alpha hydrogen next to the acidic portion of lipid 
components, suggesting that the COOH group is on the exterior interacting with the 
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solvent.  However, due to the lack of aliphatic signals there is not diffusion of these 
groups occurring with the solvent.  The second signal has a chemical shift in the aromatic 
region, and has been attributed to a hydrogen located on an aromatic nitrogen.  This 
signal has been presented in the literature before when whole soils have been studied, 
however its abundance has never been seen this significantly.  This may be attributed to 
whole soils containing inorganic species, which are known to hinder signals when local 
interactions occur.  As the inorganic portions have been removed from these samples, 
those hindrances are removed and the signal is abundant. 
 
Figure 17. Inverse 1H DE NMR of NOM extracted from the three source materials.  The 
blue, red, and green spectra correspond to Leonardite, Peat, and Elliott materials 
respectively. 
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 Also not present in the Leonardite spectra is significant aromatic signals.  This is 
due to the lack of interaction with the solvent, solidifying the previous studies findings 
that they are found in the hydrophobic interior of the NOM samples.   
 Peat (red spectra) displays the same signals as the Leonardite, however it also has 
significantly more signals present.  This shows that overall peat contains some swellable 
material, whereas Leonardite contained little material which would swell with an aqueous 
solvent.  Signals occurring from 0-2 ppm display the presence of aliphatic hydrogen’s, 
which were not present with Leonardite.  The strong signal at 1.98 ppm is the polar head 
group previously identified suggesting that a hydrophilic portion is present within the 
diffuse portion.  From 2.98 to 4.2 ppm there is a significant distribution of signals that 
correlate to anomeric hydrogen’s.  The signal appearing at 8.9 ppm has been previously 
identified in the Leonardite sample as well as in literature as a hydrogen bound to an 
aromatic nitrogen.  Lastly, there are three signals occurring from 6.7 to 7.1 ppm.  This 
triplet signal is attributed to aromatic amino acids found in proteins.  These signals have 
only been observed with this technique once, and the presence was only monitored when 
DMSO was used as the solvent.  As the previous experiment was performed on whole 
soils, it could be that when D2O is utilized as the solvent no interactions can occur.  
However, since DMSO as the power to penetrate and break weak interactions the signals 
were observed.  This data shows that Peat contains significantly more material that 
interacts with the solvent in the diffuse region of the particles.  There is however, a lack a 
significant aromatic hydrogen signals suggesting that even though they are present in the 
material and the material swells in the solvent they are still inaccessible.   
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 The Elliott material (green spectra) displays the same characteristic spectra as 
Peat except for the aromatic signal occurring at 8.19 ppm.  This signal is no longer 
present, suggesting that it is either no longer accessible to the solvent or the signal is not 
observed due to hydrogen-solvent exchange.  Also, Leonardite contains the strongest 
signal as the material has progressed through diagenesis and is significantly more 
aromatic, Peat contains a slightly greater distribution of aromatic carbons than Elliott 
therefore this signal might not be as pronounced in this material than the others. Similar 
to Peat there is a wide distribution of material that is found in the diffuse portion of the 
NOM due to the ability of the solvent to swell the material.   
 The gel-state phase spectra are shown in Figure 18 and the source materials are 
the same color as previously.  The spectra are similar to what was observed in the diffuse 
phase spectra discussed previously.  However, there are a few key differences within 
these spectra.  The signals for gel-state analysis are significantly broader showing that 
while there is some interaction occurring at the solvent/particle interface these 
components are not as mobile as the diffuse materials.  Also, the signal at 8.19 ppm, 
which was not present in the diffuse layer of Elliott, is now observed suggesting that it 
has limited interactions with the solvent.  Also for the Elliott material the amino acid 
triplet signal is beginning to show deviations suggesting that while it has some ability to 
interact with the solvent, those interactions are limited and hydrogen’s are semi-rigid.   
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Figure 18. 1H DE NMR of NOM extracted from the three source materials.  The blue, 
red, and green spectra correspond to Leonardite, Peat, and Elliott materials respectively. 
 It is also noted that the signal occurring at 8.19 ppm is significantly larger in the 
Leonardite material in the gel state, and seems to have regressed in the peat material.  The 
acidic head which peaks at 1.98 ppm is strongest in the peat material and seems to have 
decreased in the Elliott material.  It also seems to have broadened in the Elliott as well, 
suggesting that it has very restricted movement while the Peat and Leonardite have some 
freedom of movement. 
 The rigid core for the bulk NOM is shown in Figure 19.  These spectra are 
presented differently than shown before.  As this is a CP-MAS experiment the chemical 
shift has changed, as the species of interest is now 13C.  The data has been processed with 
the same parameters and is presented without any signal alterations.  While CP-MAS 
experiments are not 100% quantitative, by monitoring the signal heights it can be shown 
how much carbon from each material is non-accessible by the solvent.   
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Figure 19. CP-MAS analysis of bulk NOM from each source material.  The blue, red, 
and green spectra correspond to Leonardite, Peat, and Elliott materials respectively. 
 Monitoring the chemical shifts all samples contain an inaccessible core which has 
a distribution of aliphatic, aromatic, and carbonyl carbons.  However, the Peat and Elliott 
NOM samples contain a small portion of anomeric carbon in the interior.  Monitoring the 
shift intensities, the ratio of aliphatic to aromatic carbon is the same for all sample types, 
however due to the inaccessibility of the solvent for Leonardite it contains the most rigid 
material (most intense signal present).   
 Returning to the ultracentrifugation and SAXS data, this was foreshadowed as the 
young materials contained primarily mass fractals with the most dense layer yielding 
surface fractals.  However, the material at the end of diagenesis (Leonardite) contained a 
distribution of surface fractals with no mass fractals present.  All of the CMP-NMR data 
corresponds to this data, as there is little material that interacts with the solvent, and it 
provides a strong signal when the rigid core is analyzed via CP-MASS.  The Peat 
material contained the next highest amount of surface fractals, and it also contains the 
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second highest signals for the rigid interior.  The two techniques complement each other 
with their results, and for the whole NOM sample there seems to be the presence of polar 
head groups and aromatic cores for each material type.  However, for Peat and Elliott 
there is also the presence of anomeric and aliphatic carbons distributed in the diffuse and 
gel-state phases.  This data also corresponds to the results present by Masoom et al. 
however, due to the whole soil being analyzed there was a significant decrease in the 
aromatic intensities as they were diminished due to sorption of inorganic complexes. 
 Now that an understanding of the bulk NOM materials has been presented, trends 
of the centrifuged materials can be discussed to monitor changes that occur.  Due to the 
volume of spectra they will be placed in Appendix B and will be referenced here.  For all 
1H NMR (Inverse DE and DE for diffuse and gel phase respectively) the water 
suppression technique left deviations in the spectra from 4.7-5.2 ppm.  This was caused 
by several phases of water (pure D2O, D2O in different environments, and D2O that 
became crystalized when solvating the materials).  This is a known issue and has been 
discussed in both HR-MAS and CMP-NMR literature.  Because of the deviation in signal 
this portion of the spectrum cannot be used as an accurate region for analysis.   
 Beginning with the diffuse phase for Leonardite, each spectrum shows a complex 
distribution of aliphatic hydrogen’s that were not present in the whole NOM sample.  
Also, the significant peak at 1.98 for the alpha hydrogen next to the polar head group is 
present it has become dwarfed now however, suggesting that it is not in the high 
concentration that it was previously as a whole NOM material.  Extending over a range of 
2 to 3 ppm there are a significant number of peaks for hydrogen’s bound next to 
heteroatoms as well as in the alpha position of aromatics and carbonyl carbons.  From 3-
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4.2 ppm there is some signals that occur from anomeric hydrogen’s that have not been 
discussed for Leonardite NOM.  To ensure this was not a contamination of remaining 
sucrose from the gradient, sucrose underwent the same CMP-NMR analysis and upon 
spectra subtraction no significant deviation was noted.  This suggests that the small 
amount of anomeric material present in Leonardite is found in the diffuse portion of the 
particle assembly.  As density increases, these signals begin to diminish suggesting that 
they are not as present in the diffuse phase.  From 6 to 8 ppm the first presence of 
aromatic hydrogen signals appear in the diffuse layer.  These signals are very weak 
indicating that while there is interaction between the solvent and the sample, the aromatic 
material is located in a hydrophobic environment.  As density increases (D1 to D5) the 
amount of aromatic signals increases, suggesting that there are more diverse aromatic 
hydrogen’s near the interface.  However, the signal for these aromatic hydrogen’s 
becomes less pronounced unless the spectra is amplified. Lastly, for layers D1 to D3 
there is a signal for aldehyde hydrogen’s.  These signals are not found in D4 and D5 
suggesting that they are either shielded in these samples are not present.  No acidic 
signals were found in any of the spectra, which can be attributed to the hydrogen 
exchange as water was the solvent used to probe the particles.    
 Monitoring the gel phase of Leonardite yields only two peaks occurring at 0.83 
and 1.24 ppm respectively.  These two peaks occur throughout all of the gradients, but as 
density increases the intensity of these peaks decreases.  This suggests that the mobility 
of the material is limited as density increases, which is a function of the material that has 
been noted in previous portions of this study.  For the rigid interior there is a broad signal 
encompassing the range of aliphatic carbons, aromatic carbon, and a small signal for 
	 	 44	
	
	
carbonyl carbon.  As density increases the amount of total carbon (sample size) decreases 
and sample D5 has a limited overall signal after 500000 scans.  There is a signal that 
occurs containing the same distribution as all other CP-MAS experiments before it of 
aliphatic, aromatic, and carbonyl carbon.   
 The diffuse materials found in the Peat ultra-centrifuged samples are similar to the 
Leonardite spectra, except for a few deviations.  There is not a significant diversity of 
aliphatic signals, and as density increases the amount of signals decreases.  As before 
there is no signal for the alpha hydrogen located at the polar head of lipid compounds, 
and the amount of hydrogen’s bound to heteroatoms is reduced.  This also follows the 
trend that as density increases the overall signal also decreases.  There is a larger 
distribution of anomeric hydrogen’s over a larger chemical shift, however for the samples 
which were found to be mass fractals (D1 to D3) these peaks are broad suggesting that 
while they are in the diffuse they have limited mobility.  The same signals occurring in 
the surface fractals (D4 and D5) they are sharper suggesting that they are completely 
diffuse.  There are fewer aromatic signals found in the Peat diffuse phase than there were 
in the Leonardite diffuse, however these signals are more pronounced.  Also, in the 
density fractions D1 to D3 the protein triplet peaks can be seen, however for the surface 
fractal layers these peaks are not observed.  For the gel-state phase, the same two 
aliphatic signals were found, suggesting that there is a hydrophobic and hydrophilic 
region to all particles.  For the rigid core, CP-MAS of the mass fractals displays limited 
signal as the material swells in the solvent.  The limited signal shows a portion of 
aliphatic and anomeric carbons with little aromatic and acidic carbon.  However, for the 
surface fractals, there is a pronounced signal for aliphatic and aromatic but low signal for 
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anomeric carbon types.  This shows that the particle assemblies are different based on 
their fractal structure.  When found in a mass fractal, the materials have a high degree of 
aliphatic and anomeric materials, however they lack in aromatic carbon.  And the 
opposite is true for the surface fractals, which have a distribution of aliphatic and 
aromatic carbon, but limited anomeric carbon.   
 The Elliott material follows a similar trend to the Peat in all phases.  Monitoring 
the diffuse phase for sample D1 and D2 there is a variety of solvent interactions 
mentioned previously.  For this reason suppression of the signal was not effective.  
Monitoring when the fractions changed from mass to surface (D3 to D4) there is a 
notable difference in the spectra.  There is a reduction in signals for aliphatic and 
anomeric hydrogen’s displaying that the interaction with the solvent became vastly 
limited in comparison with the least dense materials.  As projected with the SAXS 
analysis layers D1 and D2 have limited interactions as the Porod Slope was less than or 
near 2.  This attributes to the signals being very sharp and intense.  As seen before the 
gel-phase contains two signals in the aliphatic chemical shift for all fractions displaying a 
hydrophobic and hydrophilic region to the particles.  When analyzing the interior, no 
signal is found for fractions D1 to D3 as the entire material was interacting with the 
solvent.  During analysis D4 there was an issue with the air handler that caused the rotor 
to crash and the sample was lost, therefore there is no spectra for this sample.  Lastly, 
layer D5 shows a rough signal due to the limited amount of sample, but there are signals 
for aliphatic, aromatic, and carbonyl carbon distributions as seen before. 
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Chapter 5: Models of Assembly and Geochemical Implications 
 For relatively young materials at the early stages of diagenesis there is a small 
(~36%) portion which displays the characteristics of a particle that have an overall 
aggregation model similar to the Yen-Mullins model where the core is made up of 
aromatic sheets encapsulated by aliphatic lipids. These particles are then distributed 
within a matrix of mass fractals that have interactions amongst themselves, but do not 
contain a rigid core.  The rest of the material appears as a mass fractal, which appears to 
have a chemical distribution similar to the micelle model proposed by Wershaw.  For 
Peat and Elliott NOM materials the following model has been devised which can be seen 
in Figure 20.   
 
Figure 20. The proposed model of assembly for Peat and Elliot NOM.  Starting from the 
left there are two fractal systems, which were found to exist in the total NOM.  The top 
red image is for a mass fractal while the bottom red image is for a surface fractal.  It is 
proposed that in NOM for the sample types these fractal systems co-exist and interact 
forming an internal core supported by the mass fractal network.  This creates the overall 
model at the very right, and when analyzed in bulk displays mass fractal characteristics.  
The external network contains anomeric and aliphatic compounds while the internal core 
contains primarily aromatic and aliphatic components. 
 In this model the low density materials are found as mass fractals containing 
micelle aggregations, which provide a dendritic network seen in the upper left corner of 
the figure.  The high-density fractions were found to be surface fractals that are shown in 
the bottom left of the figure.  It is proposed that the surface fractals aggregate together to 
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create a core, as seen in the middle of the figure, which is supported by the dendritic 
network.  This would allow for the formation a semi rigid core with a mass fractal 
characteristic as found by the data for the overall NOM material.  The interior of the core 
would be composed of aromatic and aliphatic compound types yielding a hydrophobic 
and hydrophilic region.  The aromatic compounds are found in the hydrophobic region 
separated from the solvent by a lipid layer, which polar head is interacting at the aqueous 
interface. The components not making up the core (anomeric and aliphatic molecules) 
create a supporting network around the core.  When subjected to a solvent system these 
components become diffuse and have a wide range of motion while the solid core 
remains intact.   
 One proposed reasoning to the lack of anomeric material in the core is due to 
structural strain caused by the irregular shapes of the anomeric molecules.  Masoom et al. 
and others found that while anomeric materials were found within the whole soil, 
inaccessible to the aqueous solvent, they were not associated with the aromatic 
molecules.101-102  The core is made primarily of aromatic sheets (linear shape), which 
have aggregated via weak interactions, layering together as seen in the models above. 
The addition of anomeric material (which have complex three dimensional shapes) would 
disrupt the interactions occurring amongst the aromatic material, altering the core. As 
diagenesis progresses, the anomeric and aliphatic matrix begins to degrade into more 
condensed structures (I. E. producing more aromatic sheets), yielding more materials to 
add on to the core.  These would provide reasoning as to why the Elliott contained the 
least amount of particles and the older materials contained more assembled particles.  By 
the end of diagenesis most of the anomeric matrix is degraded completely providing a 
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distribution of aliphatic, aromatic, and carbonyl carbon that has become a material 
containing all assembled particles. These particles create a fractal network seen as surface 
fractals, which have a greater density than the mass fractals.  This can be contributed to 
the fact that the surface fractals have a core which is more condensed in nature than the 
mass fractals leading to a higher density.  As diagenesis progresses the micelle nature of 
the materials are degraded leading to the self-assembly of the particles found in the 
Leonardite materals. 
 At the end stages of diagenesis Leonardite has one distribution type and is 
modeled in Figure 21.  It exists solely as a surface fractal with all of the material 
contributing to the formation of self-assembled particles.  These particles contain the 
same carbon type distribution throughout and they can be modeled as a modified Yen-
Mullins model.  This study found that the particles have an aromatic interior and an 
aliphatic exterior, which is similar to the aggregation of ashphaltenes and resins.  The 
proposed model is the assembled particles aggregate forming a network displaying the 
characteristic surface fractal as seen from the data.  There is no defining matrix as seen 
previously in the Elliott and Peat material.  
 
Figure 21. Proposed model of Leonardite bulk NOM where each particle is a surface 
fractal.  When each particle aggregates together the resulting network remains as a 
surface fractal displaying an organization similar to the Yen-Mullins model. 
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 Due to the finding that Leonardite contains only a distribution of surface fractals, 
it suggests that ultracentrifugation is able to separate the assembled particles over a wide 
density range.  Therefore it Leonardite could be described a containing primarily low 
density surface fractals, which would be attributed to the fact that it is comprised of 
hydrocarbons with some degree of acidic functional groups. To date all analysis has been 
completed on bulk NOM, and there has been no literature found displaying the different 
distributions of mass and surface fractals for young material while the older material has 
a similar fractal network throughout.   This study contributes to the understanding of 
NOM at the beginning stages of diagenesis to the formation of products that occur near 
the end of the geochemical cycle.  
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Chapter 6: Final Conclusions 
 By utilizing complementary techniques, this work has laid the frameworks for 
linking NOM at the early stages of diagenesis to source materials destined to create coal 
and fossil fuels  It has been determined that by using a soft materials approach and 
applying it to ultracentrifugation, early diagenetic NOM can be separated into mass and 
surface fractals.  The majority of these materials (mass fractals) resides in the low density 
fractions, and are completely penetrable by water.  The exterior of the fractals is 
comprised of anomeric components with an aliphatic gel state.  The most dense fractions 
are least abundant by mass amongst themselves, but when compared to the older material 
they have the largest mass percentage. The high dense fractions are comprised of surface 
fractals which are not penetrable by the aqueous solvent.  There was very little diffuse 
material which again was comprised of anomeric components and an aliphatic lipid layer 
which encapsulated an aromatic core.  From this it can be determined that not all of 
NOM’s components are utilized in the formation of assembled particles. 
 As diagenesis progresses, the formation of surface fractals in encouraged by the 
degradation of mass fractals components.  These new fractals most likely conform to the 
previous findings of an aromatic core surrounded by an aliphatic exterior.  By 
understanding these mechanisms NOM can be modeled similar to the Yen-Mullins model 
and allows for initial comparisons of NOM and Bitumen, which is composed of the 
aggregation of ashpaltenes and resins.  
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Chapter 7: Future Work 
 To further this research, applying the reassembly scheme devised by Chilom et al. 
with iosotopic probes would allow for two relevant discoveries.  At this time it is still not 
understood if by reassembling the material the same distribution of varying fractal 
networks is achieved or if more material will form surface fractals.  Monitoring this 
distribution post reassembly will provide insight into if the assembly process is a function 
of the diagenetic processes or a rather the ability of present materials for assembly.  It is 
also unknown if the reassembled materials interact forming the same molecular 
distribution (anomeric exterior, lipid interface, and aromatic interior) or if by 
reassembling them if they form a different arrangement. 
 Introducing isotopic probes will also allow for monitoring the role of each 
material type.  Previously, aliphatic materials were modeled by palmitic acid during 
reassembly however: introduction of aromatic and anomeric compounds could also 
provide further insight on the structural organization of this complex material.  Also by 
monitoring the isotopic compounds would reduce analysis time significantly as the 
signals would be acquired at a much higher rate. 
 Lastly, returning to the CMP-NMR study with DMSO as the solvent will provide 
further analysis of the core components that make up the surface fractals.  By utilizing 
D2O this study identified the components within the core, but with the penetrating power 
of DMSO more information maybe provided. 
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Appendices: 
 
Appendix A: SAXS Scattering Analysis of NOM 
 
 
Figure 22.  Leonardite SAXS Analysis Overlay 
 
Figure 23. Leonardite Bulk NOM SAXS Analysis 
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Figure 24. Leonardite Ultracentrifuged D1 SAXS Analysis 
 
Figure 25. Leonardite Ultracentrifuged D2 SAXS Analysis 
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Figure 26. Leonardite Ultracentrifuged D3 SAXS Analysis 
 
Figure 27. Leonardite Ultracentrifuged D4 SAXS Analysis 
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Figure 28. Leonardite Ultracentrifuged D5 SAXS Analysis 
 
 
 
Figure 29. Peat SAXS Analysis Overlay 
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Figure 30. Peat bulk NOM SAXS Analysis 
 
Figure 31. Peat Ultracentrifuged D1 SAXS Analysis 
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Figure 32. Peat Ultracentrifuged D2 SAXS Analysis 
 
Figure 33. Peat Ultracentrifuged D3 SAXS Analysis 
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Figure 34. Peat Ultracentrifuged D4 SAXS Analysis 
 
Figure 35. Peat Ultracentrifuged D5 SAXS Analysis 
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Figure 36. Elliott SAXS Analysis Overlay 
 
Figure 37. Elliott bulk NOM SAXS Analysis 
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Figure 38. Elliott Ultracentrifuged D1 SAXS Analysis 
 
Figure 39. Elliott Ultracentrifuged D2 SAXS Analysis 
 
Figure 40. Elliott Ultracentrifuged D3 SAXS Analysis 
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Figure 41. Elliott Ultracentrifuged D4 SAXS Analysis 
 
Figure 42. Elliott Ultracentrifuged D5 SAXS Analysis 
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Appendix B: CMP-NMR Spectra 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 43. 1H Inverse DE to monitor diffuse material in Leonardite bulk NOM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[ ppm] 8  6  4  2 
[r
el
]
 0
 
 5
 
 1
0 
 1
5 
 2
0 
 2
5 
"Leo D2O HA"  6  1  "/Users/dennyman100/Desktop/Research/NMR/Dennis CMP Data"
[ ppm] 8  6  4  2 
[r
el
]
 0
 
 5
 
 1
0 
"Leo D2O HA"  4  1  "/Users/dennyman100/Desktop/Research/NMR/Dennis CMP Data"
Figure	44.	1H	DE	to	monitor	gel	material	in	Leonardite	bulk	NOM	
		
	 	 75	
	
	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[ ppm] 200  150  100  50  0 
[r
el
]
 0
 
 2
 
 4
 
 6
 
 8
 
"Leo D2O HA"  8  1  "/Users/dennyman100/Desktop/Research/NMR/Dennis CMP Data"
Figure	45.	13C	CP-MAS	to	monitor	rigid	material	in	Leonardite	bulk	NOM	
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Figure	46.	1H	Inverse	DE	to	monitor	diffuse	material	in	Leonardite	D1	
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Figure	47.	1H	DE	to	monitor	gel	material	in	Leonardite	D1	
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Figure	48.	13C	CP-MAS	to	monitor	rigid	material	in	Leonardite	D1	
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Figure	49.	1H	Inverse	DE	to	monitor	diffuse	material	in	Leonardite	D2	
Figure	50.	1H	DE	to	monitor	gel	material	in	Leonardite	D2	
Figure	51.	13C	CP-MAS	to	monitor	rigid	material	in	Leonardite	D2	
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Figure	52.	1H	Inverse	DE	to	monitor	diffuse	material	in	Leonardite	D3	
Figure	53.	1H	DE	to	monitor	gel	material	in	Leonardite	D3	
Figure	54.	13C	CP-MAS	to	monitor	rigid	material	in	Leonardite	D3	
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Figure	55.	1H	Inverse	DE	to	monitor	diffuse	material	in	Leonardite	D4	
Figure	56.	1H	DE	to	monitor	gel	material	in	Leonardite	D4	
Figure	57.	13C	CP-MAS	to	monitor	rigid	material	in	Leonardite	D4	
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Figure	58.	1H	Inverse	DE	to	monitor	diffuse	material	in	Leonardite	D5	
Figure	59.	1H	DE	to	monitor	gel	material	in	Leonardite	D5	
Figure	60.	13C	CP-MAS	to	monitor	rigid	material	in	Leonardite	D5	
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Figure	61.	1H	Inverse	DE	to	monitor	diffuse	material	in	Peat	Bulk	NOM	
Figure	62.	1H	DE	to	monitor	gel	material	in	Peat	Bulk	NOM	
	
Figure	63.	13C	CP-MAS	to	monitor	rigid	material	in	Peat	Bulk	NOM	
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Figure	64.	1H	Inverse	DE	to	monitor	diffuse	material	in	Peat	D1	
Figure	65.	1H	DE	to	monito 	gel	materi l	in	Peat	D1	
Figure	66.	13C	CP-MAS	to	monitor	rigid	material	in	Peat	D1	
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Figure	67.	1H	Inverse	DE	to	monitor	diffuse	material	in	Peat	D2	
Figure	68.	1H	DE	to	monitor	gel	material	in	Peat	D2	
Figure	69.	13C	CP-MAS	to	monitor	rigid	material	in	Peat	D2	
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Figure	70.	1H	Inverse	DE	to	monitor	diffuse	material	in	Peat	D3	
Figure	71.	1H	DE	to	monitor	gel	material	in	Peat	D3	
Figure	72.	13C	CP-MAS	to	monitor	rigid	material	in	Peat	D3	
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Figure	73.	1H	Inverse	DE	to	monitor	diffuse	material	in	Peat	D4	
Figure	74.	1H	DE	to	monitor	gel	material	in	Peat	D4	
Figure	75.	13C	CP-MAS	to	monitor	rigid	material	in	Peat	D4	
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Figure	76.	1H	Inverse	DE	to	monitor	diffuse	material	in	Peat	D5	
Figure	77.	1H	DE	to	monitor	gel	material	in	Peat	D5	
Figure	78.	13C	CP-MAS	to	monitor	rigid	material	in	Peat	D5	
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Figure	79.	1H	Inverse	DE	to	monitor	diffuse	material	in	Elliott	Bulk	NOM	
Figure	80.	1H	DE	to	monitor	gel	material	in	Elliott	Bulk	NOM	
Figure	81.	13C	CP-MAS	to	monitor	rigid	material	in	Elliott	Bulk	NOM	
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Figure	82.	1H	Inver e	DE	to	monito 	diffuse	material	in	Elliott	D1	
Figure	83.	1H	DE	to	monitor	gel	material	in	Elliott	D1	
Figure	84.	13C	CP-MAS	to	monitor	rigid	material	in	Elliott	D1	
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Figure	85.	1H	Inverse	DE	to	monitor	diffuse	material	in	Elliott	D2	
Figure	86.	1H	DE	to	monitor	gel	material	in	Elliott	D2	
Figure	87.	13C	CP-MAS	to	monitor	rigid	material	in	Elliott	D2	
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Figure	88.	1H	Inverse	DE	to	monitor	diffuse	material	in	Elliott	D3	
Figure	89.	1H	DE	to	monitor	gel	material	in	Elliott	D3	
Figure	90.	13C	CP-MAS	to	monitor	rigid	material	in	Elliott	D3	
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Figure	91.	1H	Inverse	DE	to	monitor	diffuse	material	in	Elliott	D4	
Figure	92.	1H	DE	to	monitor	gel	material	in	Elliott	D4	
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Figure	93.	1H	Inverse	DE	to	monitor	diffuse	material	in	Elliott	D5	
Figure	94.	1H	DE	to	monitor	gel	material	in	Elliott	D5	
Figure	95.	13C	CP-MAS	to	monitor	rigid	material	in	Elliott	D5	
